ABSTRACT: Ultrafine cobalt and ruthenium clusters are deposited on carbon paper substrates by cluster beam deposition using a matrix assembly cluster source and a pulsed microplasma cluster source, respectively. When used to catalyze the oxygen evolution reaction (OER), the cobalt and ruthenium clusters show electrocatalytic performance superior to the state-of-the-art Ru/C and RuO 2 nanoparticle catalysts on both a mass and a specific-surface-area basis. Typically, the cobalt clusters can deliver 10 mA cm −2 at a low overpotential of 320 mV and show a small Tafel slope of 50 mV dec −1 and a mass-based turnover frequency of 0.01 s −1 at an overpotential of 300 mV, outperforming many cobalt-based OER catalysts.
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KEYWORDS: cluster beam deposition, cobalt nanoparticles, ruthenium nanoparticles, electrocatalysis, oxygen evolution reaction C onverting off-peak renewable energy (e.g., solar, wind) to clean and storable hydrogen (H 2 ) fuel through water splitting has been proposed as a promising and sustainable approach to renewable energy storage on a large scale, commensurate with future global demand. 1 Water splitting involves two half-cell reactions, namely, the hydrogen evolution reaction (HER) at the cathode and the oxygen evolution reaction (OER) at the anode. Presently, one of the key challenges for widespread deployment of water electrolyzers is to develop efficient, low-cost, and durable electrocatalysts to make electrolyzed H 2 fuel economically competitive over the H 2 produced by steam reforming of natural gas. 2 While the cathodic HER can usually occur at a relatively small overpotential, the anodic OER is much more difficult to accomplish, because it involves four concerted proton-coupled electron transfer steps and requires a large overpotential to take place at a practically useful rate, which may lead to notable energy losses. To overcome this bottleneck, considerable research efforts have been recently dedicated to the development of cost-effective earth-abundant OER electrocatalysts as well as to improving the utilization of noble metal catalysts by reducing their sizes or alloying with non-noble metal elements.
2−10
Although a variety of methods have been developed to prepare nanoscale electrocatalysts, few of them allow for the synthesis of ultrafine clusters with controllable sizes. To this end, cluster beam deposition (CBD) 11 has proven to be a powerful technique for electrocatalyst preparation, 12, 13 with the potential to offer unparalleled control over cluster size (e.g., with mass-filtering one can control the cluster size with even single-atom precision 14, 15 ) and the ability to deposit pristine clusters that are free of the ligands associated with "wet" synthesis. Moreover, CBD also offers the possibility to "pin" clusters to their support, making them more robust against sintering, by accelerating ionized clusters in an electric field toward the substrate. 16 In addition, CBD provides a rapid route to investigating new alloy clusters 17 compared to chemical synthesis routes and can be considered a more environmentally benign technique as it does not involve potentially harmful reagents or byproducts.
In this work, two CBD approaches are adopted to deposit cobalt (Co) and ruthenium (Ru) cluster catalysts, respectively, on carbon paper (CP) substrates for use to catalyze the OER. First, a new high-yield CBD approach, based on the matrix assembly cluster source (MACS), in which clusters are produced by sputtering of a cryogenic gas-metal matrix, 18−21 was used to prepare ultrafine Co clusters (MACS-Co). Control over the cluster size is achieved through selection of the matrix composition (metal loading), temperature, and sputtering parameters. As a result, a high flux of size-controlled clusters (of the order of 30−45% in diameter) can be deposited without the need for a subsequent mass-filtering step, which would inevitably lead to loss of material. Second, the pulsed microplasma cluster source (PMCS) 22, 23 was utilized to deposit Ru clusters (PMCS-Ru). PMCS allows for direct deposition of a cluster-assembled, uniform and nanoporous layer on the substrates of interest. The coverage uniformity is achieved by rastering the substrates in front of the cluster beam. For the present study, cluster-assembled Ru samples having basically Figure  1d ). The high-magnification image in Figure 1b also reveals that some bigger clusters have a core/shell structure, which may indicate that the Co clusters became at least partially oxidized when they were transferred from the MACS system into air. More high-resolution STEM (HRSTEM) images showing the partial oxidation of the ultrafine Co clusters are shown in Supporting Information Figure S1 . Figure 2a shows a representative HAADF-STEM image of the PMCS-Ru clusters. It is seen that these clusters are interconnected with each other and have an average size of 2.6 nm. Figure 2b displays the lattice spacing distribution measured from the high-resolution STEM images. By comparing with the lattice spacing of Ru metal (space group P6 3 /mmc) and RuO 2 (space group P4 2 /mnm), it is found that the majority of measured lattice distances correspond to the interplanar spacing of (011), (020), and (010) crystal planes of hexagonal Ru, indicating the metallic nature of the deposited Ru clusters. This was also corroborated by elemental mapping of Ru and oxygen of the clusters (Figure 2d−f) , where oxygen primarily appears on the surface of the clusters with relatively low signal counts. This surface oxygen may result from the oxidation of Ru upon exposure in air.
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To assess the electrocatalytic performance of the ultrafine Co and Ru clusters, the CBD processes were directly performed on a CP substrate (FuelCellStore). To improve the hydrophilicity and facilitate the anchoring of metal clusters, the CP substrate was pretreated in concentrated sulfuric acid, nitric acid, and water in sequence before the deposition. The electrocatalytic tests were conducted in an O 2 -saturated 1.0 M KOH solution using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and chronopotentiometry (CP). Prior to recording the CV curves, preactivation of electrodes was carried out by repetitive CV scans between 1.0 and 1.6 V vs reversible hydrogen electrode (RHE) at a scan rate of 100 mV s −1 until a steady state CV curve was obtained ( Figure S2 ). During this process, the surface of catalysts may get oxidized, as reported in previous works. 24, 25 Figure 3a shows the cathodic branches of the CV curves of MACS-Co and PMCS-Ru catalysts. For 
Letter comparison, we also measured the catalytic activity of commercially available Ru/C (FuelCellStore; Ru particle nominal size, 1−3 nm) and RuO 2 NPs (Alfa Aesar; nominal particle size, 25−35 nm) as well as a bare CP substrate. As seen in Figure 3a , the bare CP only shows a small anodic current up to 1.75 V vs RHE, indicating that CP is catalytically inactive for OER. The commercial RuO 2 NPs generate a benchmark anodic current density of 10 mA cm −2 at η 10 = 420 mV, consistent with that reported for RuO 2 NPs or thin films in the literature. 24, 25 The commercial Ru/C shows better OER activity than commercial RuO 2 NPs in the low-overpotential region with η 10 = 380 mV. However, the catalytic current density generated by Ru/C is very close to that delivered by RuO 2 NPs in the high-overpotential region. In contrast, the PMCS-Ru exhibits substantially improved OER activity compared to both Ru/C and RuO 2 NPs, showing a large negative shift in the polarization curve (η 10 = 330 mV). Remarkably, the MACSCo clusters reveal OER activity that favorably compares to that of PMCS-Ru, requiring an overpotential of 320 mV to deliver 10 mA cm −2 , which outperforms many transition metal based OER catalysts in terms of apparent catalytic activity (Table S1 ), such as Ni x Co 3−x O 4 nanowire (335 mV) 3 , CoS−Co(OH) 2 @ aMoS 2+x /NF (380 mV) 4 , FeO x /CFC nanosheet (359 mV), 5 and NiCoP/C NP (330 mV). 6 The mass activity of each catalyst is further compared ( Figure  3b) . Remarkably, MACS-Co shows a mass activity as high as 969 mA mg −1 at η = 390 mV, substantially higher than that of PMCS-Ru and other Ru-based control catalysts. The OER activities of all the catalysts were assessed and compared based on TOF. The TOF values were calculated assuming all metal species, no matter if they are on the surface or in the interior of catalysts, are active, which represent the lower limits of TOF. 26 Figure 3c shows the mass-based TOF values calculated at different overpotentials of 300, 350, 400, and 450 mV, which follow the same order as the observation of the apparent and mass OER activities (Figure 3a,b) , namely, MACS-Co > PMCS-Ru > commercial Ru/C > commercial RuO 2 . In particular, the TOF value of PMCS-Ru is 0.002 s −1 at η = 300 mV, while the TOF value of MACS-Co amounts to 0.01 s −1 at the same overpotential, higher than that of a number of Co-based OER catalysts, e.g., Ni x Co 3−x O 4 nanowire (0.0007 s −1 ), 3 Fe 3 O 4 @Co 9 S 8 /rGo NP (0.0045 s −1 ), 27 and CoMnP NP (0.004 s −1 ), 28 demonstrating better utilization of the catalysts derived from CBD.
Furthermore, the specific activities of all the catalysts are estimated to neutralize the effect of catalyst size difference. The specific activity was obtained by normalizing the catalytic current by the electrochemically accessible surface area (ECSA), which was estimated according to the double-layer capacitance measured in the non-Faradaic potential region (see Experimental Details in Supporting Information, Figure S4 ). As shown in Figure 3d , MACS-Co clusters, as platinum group metal free catalysts, show specific activity higher than that of both commercial RuO 2 and Ru/C catalysts; more remarkably, PMCS-Ru exhibits substantially higher specific activity than all other catalysts. This indicates that the ultrafine Co and Ru clusters prepared by CBD are intrinsically more active than the commercially available Ru-based OER catalysts.
The OER reaction kinetics of the catalysts were studied by Tafel analysis. Figure 3e shows the Tafel plots of MACS-Co, PMCS-Ru, and other commercial catalysts. The MACS-Co clusters show a Tafel slope of 50 mV dec −1 , substantially smaller than that of both commercial Ru/C and RuO 2 NPs, and even lower than that of PMCS-Ru clusters, indicating fast reaction kinetics. The Tafel impedance of MACS-Co was also derived from the impedance measurement, and the obtained Tafel slope matches well with that obtained from the polarization curve (Figure 3a ) in the low current density region, but shows a higher value in the high current density region due probably to the influence of saturation of adsorbates 29 ( Figure S3 ). The Tafel slope, to some extent, may provide useful information about the rate-determining processes at the reaction interface. According to the reaction pathway proposed by Krasil'shchikov, 30 the OER comprises the following sequential steps:
The Tafel slopes of 50 mV dec −1 achieved by MACS-Co and of 52 mV dec −1 by PMCS-Ru indicate that the second electron transfer process, namely, step 3, is the rate-determining step (RDS) of the OER taking place on ultrafine clusters, in which case the discharge of OH − (step 1) and subsequent chemical adsorption of OH − (step 2) can be relatively easily accomplished. In fact, the fast reaction kinetics of Co and Ru clusters can be further corroborated by an EIS study. Figure 3f shows the Nyquist plots of MACS-Co, PMCS-Ru, and other commercial catalysts. Upon fitting the plots with the equivalent circuit model shown in Figure 3f inset, the charge transfer resistance (R ct ) was estimated to be 32 Ω for Co clusters and 37 Ω for Ru clusters (Table S2) , which are both 4−5 times lower than that of commercial Ru/C (R ct = 156 Ω) and RuO 2 NPs (R ct = 186 Ω). This demonstrates that MACS-Co and PMCS-Ru clusters, as efficient electrocatalysts, drastically expedite the OER process compared to commercial Ru-based catalysts.
Long-term catalytic stability is an important indicator for OER electrocatalysts and is a crucial requirement for practical applications in water splitting. The catalytic stability of the MACS-Co, PMCS-Ru, commercial Ru/C, and RuO 2 catalysts was evaluated by chronopotentiometry at 10 mA cm −2 . As revealed in Figure 4 , the MACS-Co and PMCS-Ru clusters show excellent catalytic stability, with overlapped behaviors that can afford 10 mA cm −2 without any degradation for at least 40 h. In contrast, the commercial Ru/C and RuO 2 NPs need a higher overpotential to maintain the same current density, and the overpotential needed to deliver 10 mA cm −2 increases by 70 mV for Ru/C and by 30 mV for RuO 2 NPs in 40 h, suggesting a degradation. Interestingly, the overpotential needed for PMCSRu clusters first increases and then gradually decreases by 10 mV after 40 h continuous electrolysis, ending up with an overpotential similar to that of the MACS-Co clusters. All these results indicate that the ultrafine Co and Ru clusters have outstanding catalytic stability for OER in alkaline solution, outperforming the state-of-the-art Ru/C and RuO 2 NPs.
In summary, we have prepared ultrafine Co and Ru clusters based on cluster beam deposition using the matrix assembly cluster source and the pulsed microplasma cluster source, respectively. We comprehensively investigated the electrocatalytic performance of Co and Ru clusters for the oxygen evolution reaction in alkaline solution: both cluster-based catalysts show results outperforming the commercially available
Letter Ru/C and RuO 2 nanoparticles in terms of both mass and specific activities. In particular, the non-Pt group metal Co clusters deposited from MACS show high mass-based catalytic activity with a turnover frequency of 0.01 s −1 at an overpotential of 300 mV and a Tafel slope of 50 mV dec −1 , and the Ru clusters obtained from PMCS exhibit high specific activity of 0.30 mA cm −2 at an overpotential of 350 mV. Moreover, both Co and Ru clusters exhibit exceptional catalytic stability over a long term. Cluster beam deposition provides an effective and scalable approach to the synthesis of sizecontrolled transition or noble metal clusters which can be not only directly used as catalysts for electrochemical water splitting but also readily coupled with semiconductor photoelectrodes for photoelectrochemical water splitting. It is worth mentioning that CBD allows for achieving high catalyst mass loading while maintaining the small cluster size, given that the cluster size is determined by the cluster source prior to deposition and the catalyst film formation follows a "soft-assembling" mechanism, where the kinetic energy per atom of the impinging cluster is lower than its bonding energy, in such a way the cluster tends to maintain its original configuration (e.g., size) and the growth of the catalyst film occurs by the piling-up of clusters forming a highly porous, large specific area structure. Furthermore, CBD is also a potentially cost-effective technique, given that the utilization rate of raw materials in an optimized cluster deposition process is close to 100% and there is no cost (economic or environmental) of disposal of solvents or effluents, thereby showing great promise for catalyst preparation.
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